With the aim of improving the strength and impact toughness combination of two ultrahigh-strength quenched and tempered steels, the effect of high-temperature austenitization and quenching prior to conventional austenitization, quenching and tempering at 200°C has been investigated. The CrNiMoWMnV steels concerned had carbon contents of 0.18 and 0.32 wt% C and tensile strengths 1370 and 1840 MPa. Microstructures were characterized using laser scanning confocal microscopy, field emission scanning electron microscopy combined with electron back scattering diffraction and X-ray diffraction. Carbide characteristics were studied using transmission electron microscopy on carbon extraction replicas. Mechanical properties were characterized in terms of hardness, tensile and Charpy-V impact testing. The microstructure of the investigated steels after all treatments consisted of tempered martensite with small fractions of precipitates and retained austenite. The volume fraction of retained austenite was increased through the use of the double austenitization and quenching plus tempering route as compared to the conventional quenching and tempering route. Three main precipitate types were observed in all the investigated steels: complex carbides M x C y , aluminium nitride AlN, titaniumvanadium carbonitride (TiV)(CN) and complex AlN precipitates with a core of (TiV)(CN). The size of the largest precipitates was reduced as a result of the double austenitization treatment. In both investigated steels, the energy absorbed and the percentage ductile fracture in the CVN impact test were improved as a result of the extra austenitization and quenching: in the case of the 0.18C steel this was achieved without a loss of hardness or tensile properties, but with the 0.32C steel there was a slight decrease in the hardness and tensile properties.
Introduction
Ultrahigh-strength steels with high impact toughness are required in some engineering applications such as pressure vessels; automotive, locomotive and truck components; aircraft undercarriage parts; rocket motor cases missile bodies and offshore platforms. The strength and toughness can be improved by refining the microstructure. Many interrelated parameters should be considered in order to get a good combination of strength and toughness in quenched and tempered low alloy steels. Examples of these are microalloying for austenite grain size control, cyclic heat treatment, microstructure prior to austenitization, austenitization and tempering temperatures and holding times.
In the case of martensitic steels, it has been proposed that yield strength [1] [2] [3] , impact toughness and ductile-to-brittle transition temperature (DBTT) [4, 5] can be improved by refining the prior austenite grain size, as well as the martensite packet and block sizes. Kennett et al. [6] concluded that in the as quenched and low-temperature tempered microalloyed ASTM A514 steel, higher strength and lower DBTT can be obtained by refining the prior austenite grain size (PAGS). Fine carbides formed during low-temperature tempering are beneficial with regard to strength, but carbides precipitated on the prior austenite grain (PAG) and the martensitic lath boundaries lead to a decrease in toughness [7, 8] .
Double quenching and tempering has been used in order to obtain homogenous lath martensite and simultaneously improve both the strength and toughness properties of the steel. In such treatments, in order to dissolve the carbides, especially the coarse carbides that are detrimental to toughness, the first austenitization is performed at a high temperature to enable the required long-range substitutional diffusion. However, this is usually accompanied by a coarsening of the austenite grain size, which is detrimental to the toughness. In order to get more homogenous and finer austenite grains, a second austenitization is applied at a lower temperature [9] . Most studies to date have been performed on low to medium strength steels. Khani Sanij et al [10] compared the effect of conventional quenching and tempering with double quenching and tempering on the microstructure and mechanical properties of hot rolled AISI 4140 type steel and they concluded that double quenching and tempering increased impact toughness by 23% over conventional processing, while hardness and strength were almost unaffected. They attributed the improvement in the impact toughness to the refinement of the austenite grain size and martensite packet size and to a lower level of impurities near the prior austenite grain boundaries when compared to conventional processing. Liu et al [11] studied the effect of double austenitization and quenching and tempering on the microstructure and mechanical properties of a low-carbon 5Cr as-cast steel and showed that the yield strength improved slightly while the impact toughness was enhanced significantly after the double austenitization treatment. They attributed the improvement in the yield strength to a refinement of the PAGS and the martensite block size together with precipitation strengthening, while the significant improvement of impact toughness was attributed to microstructural refinement including the size of the precipitates at prior austenite grain boundaries. Rao and Thomas [12] studied the effect of double austenitization treatment on Cr and Mn modified Fe-4Cr-C structural steels. They concluded that the increase of toughness of these steels could be attributed to grain refinement and an increase in the fraction of retained austenite. Sarikaya et al [13] concluded that double austenitization treatment of Fe-Cr-C-based structural steels at high and low austenitization temperatures (1100°C and 900°C, respectively) significantly improve the impact toughness, while only slightly reducing the strength, as a result of an increased retained austenite fraction combined with a refinement and homogenization of the prior austenite grain structure. Chang et al [14] attributed an improvement of toughness in double austenitized quenched and tempered Ni-Cr-Mo-V steels with similar strength to a reduction in the aspect ratio of the carbides.
On the basis of the above previous studies [10] [11] [12] [13] [14] , it is clear that the effects of double austenitization and quenching on mechanical properties depend on the chemical composition of the steel due to the response of the microstructure features such as grain size distributions and carbide size and shape distributions. Therefore, this work aims at evaluating the effects on the microstructure and mechanical properties of double austenitization and quenching as compared to single austenitization and quenching in the case of two newly developed ultrahighstrength steels tempered at 200°C.
Experimental

Material and processing
Two experimental heats with the chemical compositions given in Table 1 were designed for ultrahigh strength and melted in an air induction furnace followed by electroslag remelting. They were made in the Steel Technology Department, Central Metallurgical Research and Development Institute (CMRDI), Egypt. The produced steel ingots were subjected to forging in the temperature range 1100-950°C to produce steel bars with a cross section 28 mm × 30 mm followed by air cooling at about 0.3°C/s. More details about the production methods, chemical compositions of the charging materials, the used synthetic fused slag in the ESR remelting process and the analytical techniques used are given in our earlier publication [15] .
Different samples were cut from the forged bar parallel to the forging direction. In order to produce single austenitized, quenched and tempered (SAQT) material, samples were heated to 930°C at 0.03°C/s, held for 1 hour, and then quenched in oil in the case of UHSS I and in water in the case of UHSS II. After that the samples were heated at 0.03°C-200°C and held for 2 hours followed by air cooling. To obtain double austenitized, quenched and tempered (DAQT) material, prior to the above treatment, samples were first heated to 1100°C at 0.03°C/s, held for 1 hour, and then quenched in oil in case of UHSS I or in water in the case of UHSS II, see Fig. 1 .
Microstructure characterization techniques
Laser scanning confocal microscopy (LSCM) and field emission scanning electron microscopy combined with electron back scattering diffraction (FESEM-EBSD) were used for microstructure characterization. All metallographic samples were etched in 4% picric acid solution for 30 s and then etched in 2% nital solution for 30 s.
Average grain sizes, as defined by their equivalent circle diameter (ECD), and grain boundary misorientation distributions were measured using an EDAX electron backscatter diffraction (EBSD) system on the FESEM with an accelerating voltage 15 kV, a magnification 1000 and a step size of 0.25 μm. Grain boundaries with a misorientation in the range 2°-15°were considered to be lath boundaries and boundary misorientations higher than 15°were considered as high-angle grain boundaries defining the effective grain size with respect to cleavage crack nucleation and propagation [16, 17] . The high-angle grain boundaries are expected to be the boundaries of blocks or packets [18, 19] .
To determine the prior austenite grain size, the same EBSD data for UHSS II are used while for UHSS I, separate EBSD runs were performed at a lower magnification of 500 with a step size of 0.5 μm. To reveal the PAG structure, the EBSD data were used to reconstruct the original austenite grains using Matlab software combined with the MTEX texture and crystallographic analysis toolbox as described in Refs. [20] [21] [22] .
Carbide characteristics were studied using transmission electron microscopy (TEM) (JEOL JEM-2200FS EFTEM/STEM) on different carbon extraction replicas. Samples were etched in 2% nital then coated with a thin film of carbon about 10 nm in thickness. To extract the precipitates, the replica samples were exposed to 10% HNO 3 at a potential of 10 V. The extracted replica was washed in ethanol, HCl and distilled water. High magnification TEM images were analysed using Image J software to determine the number densities and ECD sizes of the precipitates. The ECD sizes and number densities of the precipitates were measured from twenty-five 4.44 × 4.44 μm and 3.06 × 3.06 μm replica micrographs for UHSS I and UHSS II, i.e. a total investigated area of 493 μm 2 and 234 μm 2 , respectively. The chemical compositions of the precipitates and their categories were determined using energy dispersive X-ray spectroscopy (EDS) for at least 60 precipitates/sample with different morphologies and sizes from different replicas in order to cover a wide area and reduce measurement errors. For the determination of the volume fraction of retained austenite, a Rigaku SmartLab X-Ray diffractometer with Co Kα radiation was used under the following conditions: accelerating voltage 40 kV, current 135 mA, scan speed 7.1945°/min, step size 0.05°and range 45°> 2θ > 130°. To determine the volume fraction of retained austenite, the XRD data were treated using the whole profile Rietveld refinement analysis.
Characterization of mechanical properties
HV10 macro-hardness measurements were made at 15 random positions across the specimens. Tensile testing was performed using a Zwick/Roell tensile testing machine with a maximum load capacity of 100 kN. Samples were machined to round tensile specimens with a diameter of 6 ± 0.1 mm and a gauge length of 24 ± 0.1 mm according to the ASTM standard E8. Tensile test results are presented as the averages of three samples. Impact tests were performed at room temperature (23°C) and −40°C according to SFS-EN ISO 148-1: 2016 on standard Charpy V impact specimens (10 × 10 × 55 mm) using a calibrated Charpy impact test hammer with a capacity of 300 J. The results are averages of three samples.
Results and discussion
Grain structure
The microstructures of the two steels after SAQT and DAQT are shown in Fig. 2 and Fig. 3 . The microstructure of UHSS I after single austenitization, quenching and tempering (UHSS I-SAQT) and after double austenitization, quenching and tempering (UHSS I-DAQT) consists mainly of tempered martensite with a very small fraction of finely distributed precipitates and small fraction of retained austenite (RA). The same is true for UHSS II-SAQT and UHSS II-DAQT, but they contain a lower volume fraction of precipitates as is expected from the lower level of C. The volume fractions of RA in all the microstructures, as measured using XRD, are given in Table 2 . It can be seen that processing via the double austenitization route increases the volume fraction of RA in both steel compositions. As will be shown below, these increments in the volume fraction of RA can be attributed to the greater precipitate dissolution that occurs during the first high-temperature austenitization leading to an increase of the concentration of alloying elements and carbon in the matrix, which reduces the transformation temperature and the likelihood of complete transformation [23, 24] . Fig. 4 shows reconstructed PAG structures together with the PAGS expressed as the mean ECD. It can be seen that for both investigated steel compositions, the PAGS is increased by the double austenitization (see Table 2 ). The increment in the PAGS can, here too, be attributed to precipitate dissolution in the first austenitization reducing grain boundary pinning [24] .
In the case of UHSS I, as shown in Fig. 5 , despite the large increase in PAGS, double austenitization leads to almost no change in the average ECD martensitic lath size or mean effective (high-angle grain boundary) grain size.
However, the value of the effective grain size at 90% in the cumulative area distribution, D90% (GA) , is almost tripled (see Fig. 5(d) ). Also, double austenitization is seen to increase the frequency of low and high misorientation angles while reducing the frequency of intermediate misorientation angles (30°-50°), see Fig. 5(c) .
In the case of UHSS II, there is a smaller increase in PAGS caused by double austenitization, but as Fig. 6 shows double austenitization actually increases the average ECD martensitic lath size and the mean effective grain size. On the other hand, the value of D90% (GA) only increased moderately.
As will be discussed further below, the higher nitrogen content of UHSS II compared to UHSS I leads to increased pinning by AlN giving a smaller increase of the PAGS in UHSS II compared to UHSS I. The direct relationship between the PAGS and D90% (GA) which was found in our previous study [25] is also observed here as the large increase in the PAGS in the case of UHSS I is accompanied by a large increase in D90% (GA) while the small increase in PAGS is accompanied by a small increase of D90% (GA) in the case of UHSS II. However, the changes in the average ECD martensitic lath size and the mean effective grain size are attributed to the differences in the transformation temperatures between UHSS I and II (see Table 2 ): decreasing Ms and Mf lead to finer lath and effective grain sizes and a reduced influence of double austenitization.
Precipitates
Size and frequency of precipitates
Typical TEM micrographs showing the distribution and morphologies of the precipitates and their statistics are shown in Fig. 7 and Fig. 8 . In the case of UHSS I, from Fig. 7 , it can be seen that compared to the single austenitization, double austenitization has little effect on the mean extracted precipitate equivalent circle diameter. In the case of UHSS II, there was generally a lower frequency of precipitates on the extraction replicas compared to UHSS I, which is to be expected considering the lower carbon content of UHSS II. In this case, double austenitization led to an increase in the frequency of fine precipitates, less than 30 nm in equivalent circle diameter and a reduction in the size of the largest precipitates, as can be seen from Fig. 8 . Similar results were obtained by Salunkhe et al [26] who reported that, compared to single austenitization, the number and size of the precipitates decreased as a result of a similar double austenitization in the case of AISI D2 tool steel.
Chemical composition of the precipitates
In UHSS I after SAQT and DAQT treatment, according to EDS analyses, the precipitates can be divided into four types (see Table 3 and In the case of UHSS II-SAQT, the main types of the precipitates are AlN and (TiV)(CV) in addition to a few complex carbides M x C y . The same types have been observed in UHSS II-DAQT in addition to a very small fraction of vanadium carbonitride type V(CN) (see Fig. 9 (P5) ).
Other research has shown that in the presence of V, Ti(C,N) rarely exists alone as it usually acts as a nucleation site for (Ti,V)(C,N) [26] . It should be noted that the accuracy of carbon determination decreased with decreasing precipitate size due to an increasing relative carbon signal from the carbon replica itself. Moreover, the carbon content observed in the AlN precipitates came from the replica itself.
Thermodynamic calculations
Thermodynamic calculations made using the commercial software Thermo-Calc version 2018a together with the TCFE9 database are shown in Fig. 10 and Fig. 11 . In the case of UHSS I, the precipitate phases in equilibrium with austenite and ferrite include M 23 C 6 , M 6 C, VC, AlN, TiN and (Nb,Ti)C. In the case of UHSS II, the precipitate phases in equilibrium with austenite and ferrite include M 23 C 6 , M 6 C, V (C,N), AlN, TiN and NbC. Bearing in mind the thermomechanical and heat treatment history of the materials, one would only expect TiN and AlN to be present after holding at 930 or 1100°C. Under equilibrium conditions, precipitates formed during air cooling after hot forging would be dissolved or changed during the heating and holding at these temperatures. Also, the final low-temperature tempering is not expected to result in carbide compositions involving the diffusion of substitutional alloying elements. So, the observed presence of complex carbide M x C y in the investigated steels implies incomplete dissolution of the primary carbides formed during solidification. These results are in line with the observation of Nurbanasari et al [27] that primary carbides are left undissolved in H21 tool steel even after austenitization at the high temperature of 1250°C, where Thermo-Calc predictions suggest that the only stable phase is austenite.
Mechanical properties
The mechanical properties of the two investigated steels after both SAQT and DAQT treatments are shown in Table 4 and summarized in Fig. 12 . The contribution to yield strength from lath strengthening ( ) l has been calculated and the results are given in Table 5 . The lath refinement strengthening ( ) l was estimated using Eq. (1) [28] . However, in order to use Eq. (1), the magnitudes of the lath sizes were converted from ECD to mean linear intercept (MLI) values with the aid of Eq. (2) [29] and both values are given in Table 5 .
where d L is the lath size in μm.
In the case of UHSS I, as a result of DAQT processing, UTS, YS and hardness are reduced slightly while the CVN impact toughness at room temperature and −40°C are enhanced (see Table 4 and Fig. 12 ). These results are in line with the results obtained by Rao and Thomas [12] who concluded that the impact toughness of low alloy steel containing (0.25 wt% C, 4.0 wt% Cr and 1.93 wt% Mn) is increased by 13 J against a 75 MPa loss in the yield strength when double austenitization (1100 + 870°C) and tempering at 200°C treatment is compared to single austenitization at 1100°C and tempering at 200°C. Also, there are slight increases in the percentage ductile fracture at room temperature and −40°C, while there is no significant difference in the elongation to fracture. The slight decrease in the UTS, YS and hardness are attributed to several interrelated parameters which are very difficult to separate from each other. The dissolution of the carbide precipitates leads to an increase in the alloy concentration in solid solution, which increases the solid solution strengthening and hardenability. On the other hand, the carbide dissolution increases the carbon content in the matrix leading to a higher content of RA, which tends to decrease the hardness [26] . This is considered to be one of the main reasons for the lower hardness of the DAQT treated material compared to the SAQT material. For example, Ogel et al. [30] in a study of an AISI M2 high speed steel, showed that a high austenitization temperature leads to dissolution of the alloy carbides, an increase in the carbon content of the matrix, an increase in the volume fraction of retained austenite and thereby lower hardness. The slight increases in the lath and effective grain sizes are considered to be one of the main reasons for the reduction of the strength properties and hardness. Of course, an increase in the volume fraction of retained austenite can increase the UTS through the TRIP effect. The decrement of the yield strength caused by DAQT process may result from the marked increase in the PAGS. Liu et al. [31] showed that the coarsening of the PAGS accompanying the dissolution of Nb(C,N) precipitates at high austenitization temperatures led to reductions in the yield strength of quenched and tempered martensitic steel. They attributed this behavior to a reduction in the density of preferential sites for martensite nucleation with increasing PAGS. The observed increases in the CVN impact toughness and ductile fracture after DAQT treatment can presumably be attributed to the slight decrease in strength and the increase in the percentage of RA [23, 24, 30] as the presence of retained austenite films between the laths can arrest or deflect cleavage cracks [32] . Also, the beneficial effect of DAQT on Charpy-V toughness may be due to the fact that it refines the precipitates [9, 11, 30, 33] including the size of the largest precipitates (D90%): it is well known that large undissolved carbides can act as nuclei for microvoids thereby decreasing impact toughness [34] .
In the case of UHSS II, the CVN impact toughness and percentage ductile fracture were improved without any reduction in the hardness, UTS or YS. The same parameters discussed above for UHSS I are also active in the case of UHSS II. However, the limited increase in the PAGS, effective grain and lath sizes are the main reason for retaining the same level of hardness, UTS or YS in combination with an improved level of the CVN impact toughness and percentage ductile fracture.
Conclusions
Two ultrahigh-strength steels with 0.32 and 0.18 wt% C and tensile strengths in the range 1370-1850 MPa have been melted in an induction furnace and then refined using ESR technology with a slag based on CaF 2 . A study has been made of the effects on microstructure and mechanical properties of single austenitization at 930°C followed by quenching and tempering at 200°C (SAQT) compared with austenitization at 1100°C and quenching followed by a second austenitization at 930°C, quenching and tempering at 200°C, i.e. double austenitization, quenching and tempering (DAQT). The work included characterization of the microstructural components present, the prior austenite grain size, the effective grain and lath sizes. Also, the mean size, the D90% size and the chemical compositions of the precipitates were evaluated together with the tensile and Charpy V impact properties. The following conclusions can be drawn.
1. The microstructures of the investigated steels after all treatments consisted mainly of tempered martensite with small fractions of precipitates and retained austenite. 2. The main precipitate types in all the investigated steels were tungsten rich complex carbides M x C y , aluminium nitride AlN, titanium vanadium carbonitride (TiV)(CN) and complex AlN with a core of (TiV)(CN). 3. Compared to SAQT, DAQT treatment increased the volume fraction of retained austenite in both steels. This can be attributed to the greater precipitate dissolution that occurs during the first hightemperature austenitization, which in turn leads to an enrichment of the matrix in alloying elements, a reduction in the transformation temperature and thereby a lower likelihood of complete transformation. 4. For both steels, DAQT treatment produced increases in the PAGS and the effective martensite grain size at 90% of cumulative grain area distribution, but the effect was much stronger in the 0.32C steel. This was due to the greater dissolution of precipitates in the first austenitization, which thereby reduced the grain boundary pinning for the 0.32C steel. Also, the 0.32C steel had a smaller contribution to grain boundary pinning from AlN due to its lower N content. However, the mean effective martensite grain sizes and the lath sizes were only increased marginally in the case of the 0.32C steel because of the compensating effect of precipitate dissolution on Ms and Mf temperatures: increased alloy content in solution lowers the transformation temperatures thereby refining the lath and effective grain sizes. 5. The mean size and D90% size of the precipitates were decreased as a result of DAQT in the case of the 0.18C steel, but for the 0.32C steel only D90% was reduced without a change in the mean size of the precipitates. 6. The effect of SAQT and DAQT processes on the microstructure and mechanical properties depends on the starting chemical composition. For both steels, DAQT improves the CVN impact toughness. In the case of the 0.32C steel, this occurs at the cost of a small reduction in hardness, UTS and YS, but in the case of the 0.18C steel, there is no deterioration in hardness or tensile properties (UTS, YS and elongation to fracture). The improvement in the CVN impact toughness can be attributed to the increase in retained austenite and refinement of the precipitates.
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